10 11 29 MBON dendrites to innervate specific MB lobe zones. Ectopic expression of Sema1a in some DANs is 30 sufficient to re-direct their dendrites to those zones, demonstrating a possibility to rewire the MB 31 circuit. Taken together, our work provides an initial characterization of the cellular and molecular 32 mechanisms underlying MB circuit assembly. 33 34 129 130
Summary 12 13
The Drosophila mushroom body (MB) is a learning and memory center in the fly brain. It is the most 14 extensively studied brain structure in insects, but we know little about the molecular and cellular 15 mechanisms underlying the assembly of its neural circuit. The MB is composed of around 2200 
73
The development of the MB has been extensively studied, but mostly focused on the KCs. KCs can be 74 classified into three major types: γ, αʹβʹ, and αβ. 
106
The PPL1-αʹ2α2 DANs begin to touch the MB lobes at 18 h APF, starting from the lateral surface of 107 the αʹ2 zone ( Fig. 1A-A') . At 24 h APF, the innervation became obvious with axons extending 108 ventrally along the interfaces between αʹ and α lobes ( Fig. 1B-B 
115
Interestingly, it seems that not in all MB lobe zones the DAN axons precede the MBON dendrites. In 116 the αʹ3 zone, the MBON-αʹ3 dendrites likely innervate the MB lobes earlier than the PPL1-αʹ3 axons.
117
The innervation of MBON-αʹ3 dendrites (labeled with MB027B-splitGAL4) was observed at 6 h APF, 118 much earlier than that of their neighboring MBON-αʹ2 ( Fig. S1) . However, when we labeled the 119 DANs with antibodies against tyrosine hydroxylase (TH), an enzyme required for the synthesis of 120 dopamine (Neckameyer and Quinn, 1989), we found that the expression of TH is sequentially turned 121 on, beginning from the base of the vertical lobes and finishing at the tips of the α and αʹ lobes ( DANs do not provide guidance cues for the MBON-αʹ2 dendrites ( Fig. 2A'' 
-A''' and B''-B'''). Ablation

143
of PPL1-αʹ2α2 DANs also had no effect on the dendritic elaboration of MBON-αʹ3 (labeled with 144 R53F03-LexA::P65-driven rCD2-RFP) and MBON-γ2αʹ1 (labeled with R25D01-LexA::P65-driven rCD2-145 RFP) in the neighboring zones ( Fig. S4) . Similarly, ablating MBON-αʹ2 before its dendrites innervate 146 the MB lobes did not influence the zonal elaboration of the MBON-αʹ3 and MBON-γ2αʹ1 dendrites 147 (Figs. 2C-D'' and S5), indicating that dendritic tiling is not a mechanism that determines the borders 148 between MBON dendrites in the neighboring zones. Therefore, the zonal elaboration of the DAN 149 axons and MBON dendrites is largely independent of each other.
151
Interestingly, when we ablated MBON-αʹ3, the morphology of the αʹ lobe (labeled by the KC-specific 152 driver MB247-LexA and LexAop-rCD2::RFP) was altered (Fig. 3) . The tip of the αʹ lobe (i.e. the αʹ3 153 zone) became smaller and the αʹ lobe appears shorter in adult brains without MBON-αʹ3 ( Fig. 3A-E ).
154
We followed the development of the MB lobes at different pupal stages in MBON-αʹ3-ablated brains 155 and found that the growth of the αʹ lobe was slower than the wild-type controls ( Figs. S6 and 3F) . , 2005) . We found that in the ala mutants that lose MB vertical lobes on one side 172 of the brain, both contralateral and ipsilateral axons of PPL1-αʹ2α2 wandered around the areas near 173 their missing targets without forming normal zonal elaboration patterns ( Fig. 4A-B'') . The 174 mistargeting of PPL1-αʹ2α2 axons was 100% correlated with the lobe-missing phenotype (n=9), and 175 thus was not caused by loss of ala gene per se but the consequence of lobe-missing. We also 176 examined the PPL1-αʹ2α2 axons in the ala mutant brains at 30 h APF, when obvious zonal 177 innervation of the axons is first observed ( Fig. 1C-C'' ). We found that when vertical lobes were 178 absent, the PPL1-αʹ2α2 axons failed to form a zonal elaboration from the very beginning, and some 179 mistargeted neurites can be found slightly above and posterior to where the αʹ2 and α2 zones were 180 supposed to locate ( Fig. 4C-D' ). Because these mistargeted axons can still project to places close to 181 their normal targets ( Fig. 4) , the KC axons appear not to provide long-range guidance cues for these 182 axons. Instead, the KC axons may provide local positional cues for the DAN axons to form zonal 183 elaborations. This scenario was further evident when we used multi-color flip-out technique to label 184 PPL1-αʹ2α2 and PPL1-αʹ3 DANs in different colors. We found that the primary neurites of these two 185 DANs entered the MB lobes at the similar location ( Fig. S9) . However, PPL1-αʹ2α2 axons exclusively 186 occupy the αʹ2 and α2 zones below the entry point, whereas PPL1-αʹ3 axons specifically cover the 187 αʹ3 zone above the entry point ( Fig. S8 ), suggesting the existence of local cues instructing the 188 direction of zonal elaboration for the DAN axons.
190 191
Competition between MB lobe zones for MBON-2 dendrites
192 Surprisingly, when the MB vertical lobes were missing, the MBON-αʹ2 dendrites changed their 193 targets and innervated the βʹ2p and αʹ1 zones ( Fig. 5A-B During the course to identify genes controlling the MB circuit assembly, we found that when sema1a 211 was overexpressed in PPL1-αʹ2α2 DANs, their dendrites that normally elaborate loosely behind the 212 MB vertical lobes ( Fig. 6A-A'' ) became to innervate the βʹ2p, αʹ1, and αʹ3 zones ( Fig. 6B-B'' ). We 213 confirmed these misguided neurites are dendrites by labeling PPL1-αʹ2α2 with DenMark and dSyd1-214 GFP ( Fig. 6E-E'') . The dSyd-1-GFP labeled axons were not affected by the overexpression of sema1a. loss of MB vertical lobes due to an unknown mechanism. It is striking that overexpression of sema1a 224 in different DANs leads their dendrites to distinct βʹ2 zones, suggesting that Sema1a may work with 225 other guidance molecules to determine zonal specificity for different dendrites.
227
Overexpression of sema1a cannot always outcompete the endogenous dendritic targeting program.
228
This is evident for MBON-αʹ2, whose overexpression of sema1a did not lead to any dendritic 229 targeting phenotype (Fig. S8) . However, the ectopic innervation of the sema1a-overexpressed PPL1-230 αʹ2α2 dendrites in the βʹ2p and αʹ1 is reminiscent of the mistargeting of the MBON-αʹ2 dendrites in 231 the absence of MB vertical lobes ( Fig. 5 ). Therefore, we tested if sema1a is required for the 232 mistargeting of MBON-αʹ2 in ala mutant brains. We knocked down sema1a in MBON-αʹ2 in ala 233 mutant flies and found that MBON-αʹ2 with reduced sema1a expression no longer innervated the 234 βʹ2 and αʹ1 zones when their normal target was missing ( Fig. 7) . Knockdown of sema1a, however, 235 did not affect their dendritic targeting to the αʹ2 zone in the normal vertical lobes (Fig. 7) . These 236 results suggest that MBON-αʹ2 may expresses sema1a and a yet identified guidance molecule. In 237 wild-type brains, the unknown guidance molecule outcompetes sema1a to lead the MBON-αʹ2 238 dendrites to the αʹ2 zone. When the αʹ2 zone is missing, a sema1a-depedent guidance mechanism 239 will take over and bring the dendrites to the βʹ2 and αʹ1 zones.
241 242
Sema1a is required for dendritic targeting of several MBONs
244
The ectopic innervation of sema1a-overexpressed PPL1-αʹ2α2 and PPL1-γ2αʹ1 dendrites in the βʹ2, 245 αʹ1, and αʹ3 zones prompted us to examine the role of sema1a in the dendritic targeting of the 246 MBONs innervating these three zones. We found that RNAi knockdown of sema1a in MBON-β2βʹ2a 247 using MB399B-splitGAL4 resulted in mistargeting of the dendrites that normally innervate the βʹ2a 248 zone ( Fig. 8A-D) . Instead of innervating the βʹ2a zone, these dendrites project upward to regions 249 near the central complex. The MBON-β2βʹ2a dendrites innervating the β2 zone were minimally 250 affected by sema1a knockdown (Fig. 8A-D) , suggesting that sema1a regulates the dendritic targeting 251 of MBON-β2βʹ2a in a zone-specific manner. Similarly, when sema1a was knocked down in MBON-252 αʹ3 using MB027B-splitGAL4, the MBON-αʹ3 dendrites failed to concentrate in the αʹ3 zone but 253 elaborated loosely around the αʹ3 zone ( Fig. 8E-H) . We confirmed these findings by creating sema1a 254 MARCM clones for MBON-β2βʹ2a ( Fig. 9A-B' ) and MBON-αʹ3 ( Fig. 9C-D Fig. S10) . However, sema1a MARCM clones for MBON-αʹ1 exhibited a severe 268 dendritic targeting defect ( Fig. 9E-F') . We induced clones at 4-8 h after egg laying (AEL) and labeled 269 the MBON-αʹ1 using R24H08-GAL4, which also labels MBON-αʹ3. Interestingly, all the MBON-αʹ1 270 clones were accompanied by MBON-αʹ3 clones, suggesting that these two neuron types are in the 271 same neuronal lineage. We also observed a dendritic targeting defect in sema1a MARCM clones for 272 MBON-βʹ2mp ( Fig. 9G-H') . Taken together, these results indicate that sema1a is required for 273 dendritic targeting in most MBONs innervating βʹ2, αʹ1, and αʹ3 zones. 2011). Although the MB lobe structure is slightly abnormal in these flies, the morphology of MBON-283 β2βʹ2a and MBON-αʹ3 dendrites and their zonal innervations were essentially normal ( Fig. 10A-B' ).
284
Therefore, Sema2a and Sema2b are unlikely the guidance molecules that steer sema1a-positive 285 MBON dendrites to specific MB lobe zones. Flies without PlexA activity fail to survive to adulthood.
286
To examine the potential role of PlexA in guiding the MBON dendrites, we took advantage of a 287 weaker sema1a-RNAi-2 line whose overexpression resulted in mild dendritic targeting defects in were not enhanced in flies heterozygous for a plexA mutant allele, plexA EY16548 (Fig. 10C-F') . We also 291 expressed an UAS-plexA-RNAi construct that has been shown to knock down plexA effectively (Pecot 292 et al., 2013) in all neurons (nSyb-GAL4) or in all gila (repo-GAL4). We then examined the dendritic 293 innervation of MBON-β2βʹ2a (R12C11-LexA-driven rCD2-RFP) and MBON-αʹ3 (R53F03-LexA-driven 294 rCD2-RFP) in the MB lobes. However, we did not observe any dendritic targeting phenotype in all 295 cases ( Fig. 10G-N') . We therefore did not find evidence supporting the involvement of the three 296 known Sema1a ligands in guiding the dendrites of MBONs during the assembly of the MB circuit.
298
Discussion
300
The MB is the most studied structure in the fly brain. It is conventionally considered as an olfactory Flies with proper genotypes were heat shocked at 37°C at different developmental stages for 391 different durations (see Table 1S for each of these parameters used in each figure). We waited for at 392 least 3 days after heat-shock to ensure the proper expression of the marker proteins. We then 393 dissected the brains and performed immunofluorescence staining.
395
Immunofluorescence staining
397
Fly brains were dissected in phosphate buffered saline (PBS; Sigma, P4417) and fixed in PBS 398 containing 4% formaldehyde (Sigma, F8775) at room temperature for 20 min. The brains were then 399 washed three times with PBS containing 0.5% Triton X-100 (PBST, Sigma-Aldrich, T8787); each time, 400 the brains were incubated in PBST at room temperature for at least 20 min. After that, the brains 401 were incubated in PBST containing 5% normal goat serum (blocking solution; normal goat serum, 402 Jackson ImmunoResearch, 005-000-121) for 30 min at room temperature. After blocking, the brains 403 were incubated in blocking solution containing primary antibodies overnight at 4°C. The next day, 404 the brains were washed three times, 20 min each, with PBST at room temperature before they were 405 incubated in blocking solution containing secondary antibodies overnight at 4°C. The next day, the 406 brain were washed again three times, 20 min each, with PBST at room temperature. Then the brains 407 were mounted with Gold Antifade reagent (Thermo Fisher Scientific, S36937). Antibodies used in 408 each figure are listed in Table S1 . In some cases, we performed sequential staining in which the 409 brains were stained with the first set of primary and secondary antibodies before being incubated 410 with the second set of primary and secondary antibodies. The staining procedures (one time vs. 411 sequential) for each figure are also listed in Table S1 . The primary antibodies used in this study are 412 Rat anti-mCD8 (1:100; Invitrogen, MCD0800), Chicken anti-GFP (1:1000; Invitrogen, A10262), Rabbit indicate the mistargeted dendrites in the βʹ2 and αʹ1 zones and the yellow arrowheads 736
indicate the normal innervation in the αʹ2 zones. Note that the ectopic dendritic 737 innervations were largely reduced and the normal αʹ2 innervation is not affected by the 738 knockdown of sema1a. Scale bars: 50 µm. Detailed genotypes are listed in Table S1 . 
